When Euglerna cells are deprived of a carbon source, they utilize their internal reserves of paramylum for survival and, with prolonged starvation, also use protein and RNA (Blum & Buetow, 1963) . The ability to use RNA and protein for survival is probably mediated via cytolysomes, which develop during starvation, engulf droplets of cytoplasm and subsequently digest these droplets (Malkoff & Buetow, 1964) . When Euglena cells are deprived of phosphate, the challenge to survival is of a different kind, and it is handled differently by the cell. It has been shown that a non-specific acid phosphatase is synthesized (Price, 1962; Blum, 1965; Bennun & Blum, 1966) and appears in specific regions of the pellicle (Sommer & Blum, 1965) . Concomitantly with the formation of the induced phosphatase, the cell acquires the ability to take up phosphate rapidly if phosphate is replenished (Blum, 1966) . To produce large quantities of the induced enzyme, cultures of Eugiena were grown in carboys, but it was found that the induced phosphatase would not form unless air was bubbled through the medium. When oxygen + carbon dioxide (95:5) was used instead of air, there was no apparent effect on the rate of cell growth and there was no increase in the yield of induced acid phosphatase. However, if fresh medium containing 10mn-phosphate was supplied to oxygenated cultures, the cells did not resume growth, in contrast with aerated cultures, which resumed growth at a normal rate after a lag of about 24hr. (Blum, 1965) . In view of our finding that oxygen inhibits the growth of A8taeia (B6gin-Heick & Blum, 1967) , a close relative of Euglena, it seemed possible that when Euglena was deprived of phosphate it also became sensitive to oxygen. It was further observed that pellets of cells that had ceased growth because of phosphate deprivation were yellower than pellets of cells grown in complete medium or of cells that had been collected in the early stages of phosphate deprivation, and that the use of oxygen+carbon dioxide (95:5) instead of air + carbon dioxide (95: 5) prevented this increase in pigment formation. In this paper we present data on the changes in oxygen consumption and in the content of RNA, protein, paramylum and carotenoids during phosphate deprivation and on the effect of oxygen on these parameters, and show that certain features characteristic of oxygen toxicity develop during phosphate deprivation.
MATERIALS AND METHODS
The cells used were Euglena gracilis var. bacillari8, strain SMLI(streptomycin-bleached). Cells were grown axenically in defined medium (Blum, 1965) at constant temperature, with stirring, in culture vessels (Blum & Padilla, 1962) and gassed with either air+ CO2 (95:5) Lowry, Rosebrough, Farr & Randall (1951) , RNA by a modified Schmidt-Thannhauser procedure (Blum & Padilla, 1962) , and paramylum by the phenol-H2SO4 method of Dubois, Gilles, Hamilton, Rebers & Smith (1956) . Phosphatase activity was measured at pH5 with p-nitrophenyl phosphate as substrate and cells that had been treated with toluene and frozen before assay (Blum, 1965) . 02 consumption was measured by conventional Warburg respirometry, after careful washing of the cells by centrifugation for 2min. at 800g (Buetow, 1961 (Goodwin, 1955 a, b; Krinsky & Goldsmith, 1960) . 
RESULTS
Changes in growth rate and in cell composition during phosphate deprivation in air and in oxygen when ethanol is the carbon source. Euglena usually grew at about the same rate whether oxygen+ carbon dioxide or air + carbon dioxide was bubbled through the culture (Fig. 1) , although in some cultures oxygenation decreased the rate of growth. If complete medium containing high phosphate was added after cell division had stopped because of phosphate deprivation, the cells resumed growth at the normal generation time after a lag of about 24hr. whether they had been supplied with air via diffusion (cf. Blum, 1965) or with air + carbon dioxide (Fig. 1) . If the culture was gassed with oxygen+ carbon dioxide, however, growth did not resume for at least 44hr. (Fig. 1) and when phosphate was replenished there was no recovery of respiration for at least 44hr. (Fig. 1) . In a similar experiment a pair of cultures was grown in medium initially at 20 pM-phosphate until the phosphatase activity had risen from the constitutive value of 5mumoles of Pi released/min./106 cells to about 15mumoles/min./106 cells ( Fig. 2 ).
At this time (about 75hr. after the arbitrary zero time of the experiment) the gas being supplied to one of the cultures was changed from air + carbon dioxide to oxygen + carbon dioxide, while the other culture continued to be supplied with the air + carbon dioxide mixture. Growth during the period of phosphate deprivation was essentially the same for both cultures, but after phosphate was replenished the control culture resumed growth after the usual lag period, while the oxygen-treated culture did not (Fig. 2 ). In this experiment there was some uncertainty about the growth pattern of the oxygen-treated cells owing to the pronounced tendency of cells that had been deprived of phosphate for over 180hr. to sink to the bottom and stick to the walls of the culture vessel for about a day after phosphate replenishment. Since in all experiments where phosphate -deprivation was of somewhat shorter duration regrowth of oxygenated cultures did not resume for at least 48hr. (cf. Fig. 1 and Table 2 ), it is reasonable to assume that regrowth did not begin in this culture either. The analytical data to be discussed now were taken during the period 90-201 hr. from the start of the experiment and were not affected by the uncertainty in cell counts of the culture. During phosphate deprivation the acid phosphatase activity rose to about 32 units in the aerated culture, but only to about 22 units in the oxygenated culture, and the activity declined to about 17 units with further oxygenation (Fig. 2) . Similar data were obtained for the experiment shown in Fig. 1 . Thus oxygenation partially inhibited, but did not prevent, the formation of the induced acid phosphatase activity. As in the previous experiment (cf. Fig. 1 ), the respiration of the oxygenated cells was considerably more inhibited than that of the aerated cells and did not increase after phosphate replenishment. In cultures that were deprived of an energy and carbon source, the paramylum of the cells was used for survival (Blum & Buetow, 1963) . In cultures that were deprived of phosphate, paramylum continued to be synthesized after cell division stopped, and the cells attained paramylum concentrations of over l lmg./106 cells. At first, oxygenation did not decrease the net rate of paramylum synthesis, but after about 2 days of oxygen treatment the net synthesis of paramylum stopped (Fig. 2) .
In a separate experiment the protein concentration of a phosphate-deprived culture was measured. Fig. 4 . Changes in paramylum content (a), carotenoid content (b), respiration rate (c) and growth rate (d) of Euglena in phosphate-deficient glucose medium. At 3hr. after the arbitrary zero time, the gas bubbling through the culture shown by was changed from air+ C02 to 02 + C02, while the control culture was continued on the air+C02 mixture (o). At 79hr., both cultures were diluted with glucose medium containing 20mM-phosphate ('Dil.'). In (b), solid lines refer to £424 values, and broken lines to the E424/E447 values. In (a), broken lines indicate that more data would be required to determine the shape of these curves. change in the types of carotenoids present, as indicated by a slight change in E424 relative to E447 (Blum & Buetow, 1963) . When these cells were deprived of phosphate, there was more than a doubling of the carotenoid content as judged by the increase in E424 (Fig. 3) . In the oxygenated culture, however, the rise in carotenoid content was almost entirely prevented. During phosphate deprivation there was little if any qualitative change in the types of carotenoids, as shown by the constancy of E424 relative to E447 and by the almost constant epoxide ratio (Fig. 3) . Oxygenation in addition to preventing the increase in carotenoid content also altered the carotenoid proffle, as indicated by the decrease in the epoxide ratio (about 0-12, relative to aerated cells) and the increase in the E424/E447 ratio (Fig. 3) . The epoxide ratio has been defined by Krinsky (1964) as the ratio of E477 values in the absence and presence of a trace of hydrochloric acid. A decreasing epoxide ratio indicates a decrease in the monoepoxide and diepoxide forms of the carotenoids relative to the less oxidized forms. Effects ofphosphate deprivation and of oxygenation on cells growing in glUCco8e medium. When glucose instead of ethanol was the sole source of carbon and energy, the cells were much less sensitive to oxygen (Fig. 4) . Cells treated with oxygen reached a higher concentration in the phosphate-deficient medium than the aerated controls and, on replenishment of phosphate, they resumed growth at about half the rate of the aerated controls, compared with oxygenated ethanol-grown cells, which failed to resume growth on phosphate replenishment. The rate of respiration of cells grown in glucose was considerably lower than that of cells grown in ethanol and, unlike the cells grown in ethanol, these cells showed no significant effect of oxygenation on the respiratory rate throughout the experiment. Paramylum content increased during growth in phosphate-deficient glucose-containing medium, but oxygenation had a much smaller effect on the paramylum content of glucose-grown cells compared with ethanol-grown cells. The increase in carotenoid content during phosphate deprivation also occurred when glucose was the carbon source, but to a lesser extent than when ethanol was the carbon source (compare Fig. 3 with Fig. 4) . As with the ethanol-grown cells, oxygenation largely prevented the increase in carotenoid content and caused a qualitative change in the nature of the carotenoids, as indicated by an increase in E424 relative to E447. The increase in this ratio in the glucose-grown cells was, however, less than in the ethanol-grown cells.
Effects ofphosphate deprivation and of oxygenation on the carotenoid profile of Euglena. To examine the effects ofphosphate-deprivation and of oxygenation on the individual carotenoids of Euglena, pooled extracts of the air-ethanol-, oxygen-ethanol-, airglucose-, and oxygen-glucose-grown cells were subjected to thin-layer chromatography (Table 1) . The purified compounds were assigned tentative identifications on the basis of their RF values, their absorption maxima and minima and the effect of hydrochloric acid or borohydride on their spectra. The data on a lipid believed to be a fatty acid ester of ergosterol are included in Table 1 . This lipid was present at a much lower concentration in oxygenethanol-grown cells than in the air-ethanol-grown controls. The extinction data shown in Table 1 are not necessarily a quantitative reflection of the carotenoid content of the cells, although some precautions were taken against losses caused by oxidation or light. The data reflect some average composition taken throughout each phosphatedeprivation experiment and are primarily intended for comparative purposes. Within these limitations, however, several important generalizations can be made. First, the carotenoids responded differently to oxygenation, as might have been predicted on the basis of the change in E424 (Figs. 3 and 4) . Canthaxanthin, phytoene, (-carotene, and compound 16 either did not change or actually increased in amount on oxygenation of ethanol-grown cells. The other carotenoids all decreased, the amounts in many cases becoming too small to measure. With compound 1 1, tentatively identified as antheraxanthin furanoid oxide, the decrease caused by oxygen treatment was about 200-fold. The compound originally present was probably antheraxanthin, since the furanoid oxides are not believed to be present in cells. The change to the furanoid oxide form probably occurred as a result of chromatography on silica gel since standard antheraxanthin was very sensitive to light and oxygen when on the silica-gel plate. Secondly, the carotenoid profile in air-glucose-grown cells was different from the profile in air-ethanol-grown cells. Thus phytoene, the carotenoid present in largest quantity in the ethanol-grown cells, was effectively absent from the glucose-grown cells, whereas a-carotene and zeaxanthin were still present in easily measurable amounts. Thirdly, as predicted from the smaller change in the E424/E447 ratio (cf. Figs. 3 and 4 exposure to oxygen+ carbon dioxide. There was little effect of oxygen treatment on the activity of the respiratory-chain enzymes measured, (Table 2) , as might be expected from the lack of signs of oxygen toxicity on Euglena grown in high-phosphate medium. When parallel cultures were grown in low-phosphate medium with exposure to oxygen + carbon dioxide or air + carbon dioxide, as described in the legend to Table 2 , there was little inhibition ofgrowth rate during oxygenation, but considerable delay in the resumption of growth on replenishment of phosphate (Table 2 ). The succinate dehydrogenase, succinate-cytochrome c oxidoreductase and NADH-cytochrome c reductase activities of the aerated cells decreased progressively in lowphosphate medium but, except for succinate dehydrogenase, they returned towards normal levels within 24hr. after phosphate replenishment. In the cells grown under oxygen the decrease in the activities of these respiratory-chain enzymes was more pronounced during growth in low-phosphate medium, and instead of returning towards the normal levels after phosphate replenishment these activities were further decreased. The mitochondrial fraction of Euglena was yellow and contained the same kinds of carotenoids as those reported above for the whole cell. The Euglena mitochondrial fraction also contained a violet pigment, presumably rhodoquinone-45, described in more detail by Begin-Heick & Blum (1967) . DISCUSSION Very few studies have been made of the physiological and biochemical changes that occur in organisms during prolonged periods of phosphate deprivation. Horiuchi (1959) (Mallette, Cowan & Campbell, 1964; Postgate & Hunter, 1962) . Oxygenation has little effect on the rate of loss of RNA during the period of phosphate deprivation in ethanol-grown Euglena, nor is there any appreciable effect of oxygenation on the rate of resynthesis of RNA after phosphate replenishment.
During carbon starvation in Euglena the paramylum is used for survival. During phosphate deprivation in either ethanol-or glucose-containing media, the cells continue to synthesize paramylum until the content is about twice the usual value. In ethanol-containing medium, oxygen considerably decreases the ability of the cells to continue synthesizing paramylum, but in glucose-containing medium the effect of oxygenation is not so marked. This is not unexpected if one of the primary effects of oxygenation is at the level of the mitochondria.
Although the carotenoids of streptomycinbleached Euglena have no known function, it is noteworthy that during carbon starvation, when RNA, protein and paramylum are consumed for survival, the carotenoid content per cell increases and the relative amounts ofthe different carotenoids are altered (Blum & Buetow, 1963) . Smillie & Rigopoulos (1962) also observed a rise in the carotenoid content of a streptomycin-bleached Euglena gracili strain when cell division ceased at the end of the exponential phase of growth or when cells were deprived of a carbon source. When Euglena cells are deprived of phosphate there is also an increase in the carotenoid content and a change in the relative amounts of the carotenoids present. This change is evident not only from the decrease of the epoxide ratio during phosphate deprivation, but from the following considerations as well. Goodwin & Gross (1958) reported that the major polyene carotenes of strain SMLI were ,-carotene and a g-carotene-like fraction, and noted that in all the bleached strains they examined the concentrations of xanthophylls were considerably decreased compared with the green organism. In dark-bleached Euglena gracilis var. bacillari8, Krinsky, Gordon & Stern (1964) reported that the major xanthophyll was antheraxanthin, with smaller amounts of hydroxyechinenone and trollein also present. In strain SML1 grown on ethanol, we find large amounts of phytoene as well as g-and ,B-carotene, and a variety of xanthophylls, with antheraxanthin predominating. Cells grown in a glucose-containing medium have a much lower carotenoid content than do cells grown in an ethanol-containing medium, zeaxanthin being the major xanthophyll component and f-carotene the major polyene carotene.
The effect of oxygenation on carotenoid synthesis is similar in the ethanol-grown and the glucosegrown cells. Oxygen prevents the increase in carotenoid synthesis that occurs during phosphate deprivation. Oxygen also increases the E424/E447 ratio, and, in the ethanol-grown cells at least, decreases the epoxide ratio. Of the non-cyclized polyenes (e.g. phytoene, phytofluene, c-carotene and lycopene) we find some decrease in phytoene and an increase in c-carotene as a result of oxygenation, but the sum stays roughly the same as for the cells grown in air. It is clear that oxygenation does not primarily interfere with the metabolism of the non-cyclized polyenes. Those carotenoids that are formed by ring closure of the common C40 precursor (Goodwin, 1952) , e.g. y-carotene, f-carotene, zeaxanthin, trollein, antheraxanthin, echinenone, hydroxyechinenone and canthaxanthin, are greatly decreased in amount. It appears that one action of 95% oxygen may be to inhibit ring closure. It is not likely that the effect of oxygen on carotenoid production is responsible for the development of the signs of oxygen toxicity, since the carotenoids have no known function in strain SML1 and since the closely related naturally-bleached euglenoid, Asta8ia longa, is virtually devoid of carotenoids (Blum, Sommer & Kahn, 1965) but exhibits signs of oxygen toxicity (B6gin-Heick & Blum, 1967) .
The effects of phosphate deprivation on the respiration of Euglena depend on the carbon source and on the percentage of oxygen in the gas mixture supplied to these cells. In ethanol-grown cells, the respiration rate declines to almost half the value characteristic of cells in high-phosphate medium, but this decrease is much less drastic than the virtual cessation of respiration during deprivation of a carbon source (Blum & Buetow, 1963 Danforth, 1958; Danforth & Wilson, 1961; Marzullo & Danforth, 1964) . According to Cook (1966) the endogenous respiration is essentially unchanged by temperature in the range 15-29°, whereas oxygen consumption in the presence of acetate increases linearly with temperature in this range. The effect of oxygen treatment on phosphate-deficient Euglena growing with ethanol as the sole carbon source is to decrease the respiration rate towards the endogenous value and to prevent the recovery of respiration rate on phosphate replenishment. These changes in cell respiration are paralleled by decreases in the activities of some respiratory-chain enzymes in the mitochondria obtained from these cells. In the presence of glucose, phosphate deprivation does not decrease the endogenous rate, and the respiration of the phosphate-deficient cells is insensitive to treatment with oxygen + carbon dioxide. The present results can be explained without recourse to a compartmentalization hypothesis, since the maximum inhibition of mitochondrial respiratorychain activity was about 70% and the residual activity could account for the endogenous respiration. An alternative explanation, however, is that the endogenous pathway is insensitive to oxygen + carbon dioxide.
A primary difference between A8ta8isa and Euglena in their sensitivity to oxygen + carbon dioxide at atmospheric pressure is that the absence of phosphate appears to sensitize the mitochondria of Euglena to the damaging effects of oxygen, whereas the mitochondria of A8ta8ia are damaged even when the A8ta8ia cells are grown in highphosphate medium. The detailed mechanism of the sensitizing effect of phosphate deprivation is unknown.
